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Abstract Proteins are dynamic entities, and they possess

an inherent flexibility that allows them to function through

molecular interactions within the cell, among cells and

even between organisms. Appreciation of the non-static

nature of proteins is emerging, but to describe and incor-

porate this into an intuitive perception of protein function is

challenging. Flexibility is of overwhelming importance for

protein function, and the changes in protein structure dur-

ing interactions with binding partners can be dramatic. The

present review addresses protein flexibility, focusing on

protein–ligand interactions. The thermodynamics involved

are reviewed, and examples of structure-function studies

involving experimentally determined flexibility descrip-

tions are presented. While much remains to be understood

about protein flexibility, it is clear that it is encoded within

their amino acid sequence and should be viewed as an

integral part of their structure.
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Introduction

Many textbooks in the life sciences depict proteins as rigid

building blocks, analogous to children’s LEGO bricks,

adding to an artificial static picture of proteins. Protein

structures are, nevertheless, highly dynamic, and their

biological functions depend intimately on this. The

dynamics or motions in a protein allow its conformation to

change and respond to the presence of other molecules and/

or to variations in the environment. Biological and bio-

chemical processes such as signal transduction, antigen

recognition, protein transport and enzyme catalysis rely on

this ability to change conformation or to adapt to change.

The adaptability, or as we will refer to it here, the flexibility

of a protein may result in either subtle changes as when a

few amino acid side chains of an enzyme move to bind a

small substrate, or in more dramatic changes as when the

folding of certain proteins is facilitated by the presence of

the appropriate ligand. The timescale of the conformational

events that underlie protein flexibility spans 13 orders of

magnitude (Fig. 1). The fastest events are librations and

vibrations of covalent bonds and fast side chain rotations

on the picosecond to nanosecond timescale. At the other

extreme of the timescale, protein–ligand dissociation and

protein (un)folding may happen with time constants of

hours. A full description of the dynamics and motions in

a protein requires the application of both experimental (pri-

marily spectroscopic) techniques and molecular dynamics

(MD) simulations. MD simulations have especially been

powerful for the characterization of fast dynamics on the

(sub-)nanosecond timescale [1, 2]. Recently, an MD simu-

lation of ubiquitin in explicit solvent for as long as 1.2 ls

has, however, been reported [3], which is very promising for

future characterization of functional flexibility in proteins

by MD.

That proteins are dynamic was realized from early

studies of exchange of labile protons in proteins [4–9].

From these and later studies, it was also shown that the

dynamics is not uniformly distributed throughout the pro-

tein and that highly dynamic sites are often involved in
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protein–protein interactions [10, 11]. Indeed, limited pro-

teolysis [12] has been used to demonstrate that although

sites for a specific protease are available on the surface of a

protein, cleavage does not necessarily take place, sug-

gesting that availability is not the main determinant for

protease activity. Rather, productive proteolysis depends

on the flexibility and adaption of the peptide chain to the

active site of the protease [13–15]. Additionally, an inverse

relationship between protein stability and the biological

function of both enzymes and protein hormones has been

described, underscoring the fact that function necessitates

flexibility [16, 17].

Here we use the term dynamics for intrinsic molecular

motions. All proteins are dynamic, although with different

amplitudes of the motions. We use the term flexibility for

the ability of a protein to adapt its structure when it binds a

ligand or in response to changes in the environment

(Fig. 1). It is important to stress that proteins are flexible as

a consequence of their dynamics, yet their dynamics do not

automatically result in flexibility. This also implies that a

very dynamic protein may not necessarily be very flexi-

ble—although this will often be the case.

The aim of this review is to provide an introduction to

the current understanding of protein flexibility in a func-

tional context. We have chosen to discuss mainly protein–

ligand interactions, but it should be stressed that flexibility

is also important for enzyme catalysis and protein

(mis)folding. After an introduction to the thermodynamics

Fig. 1 Schematic illustration of conformational events in proteins.

The motions that change a protein’s conformation occur with time

constants from nanoseconds to hours. The fastest motions, vibrations

and librations around covalent bonds, result in atoms moving only a

fraction of an Ångström. Ligand binding may involve only subtle

motions like rearrangement of amino-acid residues in the binding site

or larger movements over several Ångströms like domain reorienta-

tions as shown here for the binding of CR56 from LRP to RAP [123].

Similar movements may be observed for allosteric structural changes

where binding of a ligand at one site of the protein changes the

structure in another part. This is shown here for myosin V where

binding and conversion of ATP to ADP in the upper domain (green)

induces structural rearrangements not only around the nucleotide-

binding site, but also in the distant lever arm domain (grey) [164,

165]. The ADP molecule is shown in colored spheres in the upper

domain. Lastly, protein folding involves large movements of the

whole protein chain as illustrated here for acyl-coenzyme A binding

protein [166]. The fundamental terms dynamics and flexibility are

defined at the bottom of the figure. Images of structures were

generated in PyMol (DeLano Scientific)
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of ligand binding with a focus on the role of entropy, we

describe several examples of how protein flexibility is

involved in key biological processes. The examples have

been chosen to illustrate how both timescale and amplitude

for the motions that render proteins flexible may vary.

Additionally, they emphasize the point that protein flexi-

bility is an integral part of the structure/function

relationship of a protein.

Thermodynamics of protein flexibility

To understand in detail the nature of protein flexibility and

thus how it may influence the function of a protein, it is

necessary to analyze the thermodynamics of the protein–

ligand binding process. Every time a protein molecule

changes its conformation, some interactions are broken

and others are formed. The thermodynamics of the con-

formational change report on the types and numbers of

interactions involved in the process. We will here briefly

summarize the basic thermodynamics necessary to under-

stand protein–ligand interactions and protein flexibility.

As a simple example we will consider a protein P that binds

a ligand L.

Pþ L� PL

At equilibrium, the ratio between the concentrations of

the free molecules P and L and of the complex PL is

given by the equilibrium constant. For the reaction above,

the equilibrium constant (the association constant),

Ka, is:

Ka ¼
½PL�
½P�½L� ;

Often the equilibrium constant for the dissociation

reaction is reported. This is the dissociation constant,

Kd = 1/Ka, and Kd is simply the free ligand concentration

at which the protein is 50% saturated.

Ka may also be expressed in terms of a difference in the

standard Gibbs free energy, DG�, between the free mole-

cules and the complex:

DG� ¼ �RT ln Ka

DG� \ 0 means that the energy of the complex is lower

than that of the free molecules, i.e., the complex is energe-

tically favored. In this case, formation of the protein–ligand

complex PL is associated with release of energy, whereas

dissociation of PL costs energy. Thus, at equilibrium each

time one molecule of P associates with one molecule of L and

release energy, a PL complex will dissociate using the same

amount of energy.

DG� may be decomposed into changes in enthalpy

(DH�) and in entropy (DS�)

DG� ¼ DH� � TDS�

The enthalpy change, DH�, is the change in the energy

of all the interactions that stabilize the conformation of a

system. For a protein these are covalent bonds, van der

Waals’ interactions, electrostatic interactions and hydrogen

bonds. DH� for a process thus reports on the interactions

that are lost or formed in the process. If DH� \ 0, more

stabilizing interactions are formed than broken in the

process, and energy is released to the surroundings. The

change in enthalpy will favor the reaction in the direction

where DH� \ 0. The entropy, S is a measure of the number

of different ways a system can be arranged (that is the

disorder of the system). The change in entropy, DS�, thus

measures whether the system becomes more ordered

(DS� \ 0) or disordered (DS� [ 0) in a process. If a reaction

increases disorder, it is entropically favored.

The enthalpy and entropy contributions to the total free

energy of a ligand-binding process almost invariably

counteract each other. When a non-covalent interaction

between a protein and a ligand is formed, it will decrease

the enthalpy of the complex. Around the binding interface,

the system will lose conformational freedom, and the

entropy of the molecules will decrease. The more interac-

tions that form, the more ordered the complex becomes.

Indeed, a linear relationship between DH� and DS� has

been found for a number of protein–ligand interactions

(Fig. 2) [18]. Consequently, large values of DH� and

-TDS� for processes involving non-covalent interactions

may result in only modest values of DG�. This is exemplified

by the interaction between HIV-gp120 and CD4 for which

DG� = -50 kJ mol-1 (Ka = 5.8 9 108 M-1 at 298 K)

[19]. This value is the result of very large and opposing

DH� and -TDS� values of -264 and 214 kJ mol-1,

respectively (lower left of Fig. 2) [19]. In this case, com-

plex formation is driven by a favorable change in DH� and

thus by the formation of intermolecular interactions. The

formation of the complex at the same time induces order in

the system. At the other extreme, the formation of a complex

between porcine pepsin and pepsin inhibitor-3 is entropically

driven (DH� = 53 kJ mol-1; -TDS� = -107 kJ mol-1),

but still results in almost the same free energy difference:

DG� = -54 kJ mol-1 (Ka = 2.9 9 109 M-1 at 298 K)

[20].

Entropy costs

As illustrated above, the binding of a ligand to a protein

may result in an increase in entropy, a decrease in entropy

or even no change in entropy. For protein–protein inter-

actions, -TDS� may vary considerably and is found in the

range from *-100 to *250 kJ mol-1 [21] (Fig. 2). Dis-

secting the entropy change for a process into specific
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molecular events may provide valuable insight into the

mechanism of the binding event and how the flexibility of

the protein is involved in the binding process. The entropy

change includes contributions from the protein, the ligand,

and the surrounding solvent. The entropy changes for

protein binding processes and protein conformational

changes are complex. DS� may be divided into changes in

translational and rotational entropy (DStr), conformational

entropy (DSconf) and solvent entropy (DSsolv) [22]. In order

to appreciate how conformational changes and protein–

ligand binding processes may be driven by protein

dynamics and flexibility, it is essential to consider the

relative importance of these three types of entropy.

The size of DStr depends on the type of the ligand

and the nature of the stabilizing interactions [23], and

determination of DStr from either experiments or MD

simulations is accordingly complex. Reported values for

DStr are typically in the order of 50 J mol-1 K-1 [23–25],

corresponding to a change in translational and rotational

entropy that destabilizes a protein–ligand interaction by

approximately 15 kJ mol-1 at 298 K.

DSconf depends on the conformational space available to

the protein. DSconf has been further dissected into contri-

butions from backbone and side chains by calorimetric

measurements in combination with MD simulations

[26, 27]. It was found that for the backbone, the DSconf

associated with the folding of a protein is around

17 J mol-1 K-1 per residue depending on the type of

amino acid [26]. This entropy change corresponds fairly

well to a decrease in the number of configurations of the

backbone / and w dihedral angles from nine to one. The

loss in conformational entropy of a side chain when

the protein folds is on average 3.4 J mol-1 K-1 as long as

the side chain stays solvent exposed. Subsequent burying

of a solvent exposed side chain results in an additional

entropy loss of 11 J mol-1 K-1 [27]. Using these values to

roughly estimate the magnitude of DSconf for a average

protein–protein interaction where 1,600 Å2 per subunit and

52 amino-acids are buried [28] results in a destabilizing

contribution of 170 kJ mol-1 at 298 K.

She third and last contribution to the entropy term,

DSsolv, results from the change in solvent exposed area on

binding and is related directly to the hydrophobic effect.

This entropic cost depends on the polarity of the surface.

Hydration of a non-polar surface has a high entropic cost,

whereas polar surfaces are generally considered to have a

negligible contribution to DSsolv [26, 29, 30]. The entropic

cost for the hydrophobic effect upon a change in non-polar

surface area can be estimated from the following equation

[30]:

DSsolv ¼ 1:43 J mol�1K�1Å
�2

DAnp ln T=386ð Þ

where DAnp is the change in exposed non-polar surface

area. Protein–protein interfaces have an average of 56%

buried non-polar surface [28]. The entropy contribution

(-TDSsolv) from the hydrophobic effect to the stability of

an average protein–protein complex at 298 K is thus in the

order of -100 kJ/mol. From the discussion above it is

evident that DSconf and DSsolv dominate DS� for protein–

protein interactions with opposing contributions of the

same order of magnitude. Which contribution prevails

depends, therefore, on the specific molecular structures

involved in the process.

Entropy–entropy compensation

The binding of a ligand will inevitably result in ordering of

atoms in the binding interface of the protein–ligand com-

plex. From NMR relaxation experiments, it is possible to

estimate residue-specific information about dynamics on the

picosecond to nanosecond timescale [31, 32]. It has been

demonstrated that this dynamics correlates with the free

energy of binding, DG� and the change in conformational

entropy, DSconf [33, 34]. In many cases such measurements

show that DSconf of the protein is reduced when it binds a

ligand [32]. This is what would be expected for the induced

fit model of ligand binding (see below), where the binding

results in structural rearrangement in the binding site to

optimally accommodate the ligand [35]. However, in a

number of cases it has been found that although the con-

formational entropy and thus dynamics decrease in the

Fig. 2 Entropy–enthalpy compensation. Plot of DH� versus TDS� for

the binding equilibria of 100 different protein–protein or protein–

peptide interactions. The solid line represents the best fit of a straight
line to the data (slope = 1.00 ± 0.04). The dashed lines indicate the

95% prediction interval from the fit. Data from [19–21, 167]

2234 K. Teilum et al.



binding site, redistribution of dynamics to other regions of

the protein compensates for the entropy loss at the binding

site, resulting in increased stabilization of the complex [36–

43]. This effect has recently been termed entropy–entropy

compensation [36]. The entropy–entropy compensation is

most often partial, as for murine urinary protein I (MUP-I)

and calmodulin [37–40]. However, in some cases, such as

the binding of an effector peptide to the small GTP binding

protein Cdc42Hs or the binding of D-galactose to arabinose

binding protein, significant super-compensation has been

reported [41, 43]. MD simulations of protein–ligand binding

reactions have demonstrated both partial and super entropy–

entropy compensations [42, 43]. NMR experiments and

MD simulations show that especially increased side-chain

dynamics is responsible for the entropy compensation [40,

42], but increased backbone dynamics has also been dem-

onstrated [39, 43]. In a functional context, entropy–entropy

compensations make sense especially for proteins that bind

several different ligands such as MUP-I and calmodulin [37–

40]. As binding sites may not be able to adopt optimal

geometry for all ligands, non-covalent interactions between

protein and ligand may not be strong enough to stabilize the

complex by themselves. Increasing the conformational

entropy outside the binding site is thus exploited by nature to

provide the required energy for binding of many ligands to

one protein.

Water

Water is intimately connected to the process of binding,

because loosely bound water molecules at the protein surface

are displaced from the binding site upon binding. A few water

molecules may additionally contribute to both the stability

and function of a protein. Many proteins have internal cavi-

ties with bound water molecules that stabilize the protein

[44–46]. In contrast to the loosely bound molecules, these

tightly bound water molecules [that is water molecules with

well-defined interactions with the protein and long ([10 ns)

residence times] may be directly involved in binding of the

ligand through hydrogen bonds, thereby contributing to the

energetics of the binding process. In two examples where

tightly bound water molecules are observed (ConA/triman-

noside complex and the HIV protease/inhibitor complex),

they add as much as 64–72 kJ mol-1 to the stability of the

protein–ligand complexes [47, 48]. Although tightly bound

water plays a role for protein–ligand stability, the exact

contribution is not easily determined [46–48].

Models for the mechanisms of protein binding

Protein–protein interfaces have generally been character-

ized as static portraits and have been described in relation

to size, shape and complementarity [21, 28, 49–51]. Although

important, the start and end points—i.e., the structures of

the unbound protein and ligand, and of the protein–ligand

complex—are insufficient to describe the whole binding

process in details.

The first attempt to describe the actual process of

binding was made by Emil Fischer who in 1894 suggested

the lock-and-key model for enzyme-substrate interactions

[52]. This model was based solely on shape and chemical

complementarities between molecules without invoking

changes in structures. Daniel Koshland later suggested the

induced-fit mechanism based on the observation that a

good substrate for an enzyme can induce a conformational

change that activates the enzyme, whereas a poor substrate

cannot facilitate this change [53]. In his lock-and-key

model, Fischer assumed that the protein has a defined

hollow space (or cavity) that a given molecule (ligand) fits

perfectly into. In contrast to Fischer, Koshland included

plasticity, or flexibility, into his model. The induced fit

model was very early on extended to also explain the

concept of allostery, which is when the binding of a ligand

in one area of a protein affects the conformation in another

area distant from the binding site [54, 55]. It was empha-

sized that an important condition for allostery is the

presence of a significant fraction of residues with low

structural stability (high flexibility).

A unifying mechanism of protein–ligand interactions

The induced-fit mechanism survived for more than

40 years before it was challenged especially by the

influence from the new view of protein folding that

emerged in the 1990s [56–58]. This introduced the idea

that a protein moves on a multidimensional energy

landscape rather than along a defined pathway when it

folds. This energy landscape was illustrated as funnel

shaped explaining parallel pathways as well as interme-

diates [59–61]. The state at the base of the funnel is the

native state with the lowest energy. From the perspective

that protein folding and protein recognition are similar

phenomena in the sense that they share complexity and

recognition, energy landscapes and funnel descriptions

were also developed for protein–ligand interactions [62,

63]. Depending on the rate-limiting step in the binding

process, different models emerged. These included the

pre-existing equilibrium or conformer selection model

[62, 64], and the dynamic population shift mechanism

[65]. The foundation for these models is the unbound

state, which exists as ensembles of conformations called

conformational isomers or conformers. The conformers

exist in equilibrium with variable energy barriers between

them. If all energy barriers between the conformers are

low, the sample can be described as a single Gaussian
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distribution with only the average structure detectable. If

the energy barrier between certain conformers or sub-

populations of conformers is high, two or more distinct

structures can be observed. The pre-existing equilibrium

model states that there are high energy barriers between

the conformers and that the ligands bind to a specific

binding competent conformation in a process termed

conformer selection [62]. When the energy barriers

between different conformers are low, then binding of a

ligand to a specific conformer leads to a shift in the

equilibrium. This was suggested as the dynamic popula-

tion shift model [65]. One example supporting this model

is the nitrogen regulatory protein C (NtrC), which

exchanges between an inactive and active conformation.

When NtrC is phosphorylated, the population shifts

towards the active conformation [66]. The presence of

conformers with the structure of the bound state in an

unbound protein ensemble is thus possible. This would

imply that basal activities would be possible even in the

absence of an activating ligand, which indeed has been

described for G-protein coupled receptors [67, 68].

The different models were developed to explain specific

data, but molecular dynamics simulations suggested that

these models do not adequately explain the details of all

protein–ligand binding processes [69]. In response to this, a

unifying mechanism of protein–ligand interactions dubbed

the flexible protein recognition model (FPRM) was recently

put forward [69]. This model in essence explains the

above-mentioned models as well as the induced fit. The

model describes the binding process in three steps (Fig. 3),

leading to three different complexes: (1) the encounter

complex, (2) the recognition complex and (3) the final

adapted complex.

The encounter complex

The first step is the formation of an encounter complex

through diffusion and collision of the interacting mole-

cules. In this high-energy complex, the interacting

molecules still have the same structures (or ensembles of

structures) as if free in solution, and the complex is mainly

stabilized by long-range electrostatic interactions. The

existence of encounter complexes in protein–protein

interactions has been suggested from computer simulations

[70] and later elegantly confirmed experimentally [71]. In

these studies it became apparent that encounter complexes

Fig. 3 The flexible protein recognition model (FPRM). The protein-

binding process is divided into three steps. First the two molecules in

the unbound ensembles, Pf and Lf, encounter by diffusion to form the

encounter complex [Pf_Lf] driven mostly by long-range forces.

Within the encounter complex environment, a gradual desolvation

is initiated, and while still populating the free ensembles, the two

molecules form the recognition complex via conformer selection

[Pf*Lf*] initiating a population shift. At this point short-range forces

are in play. Within the recognition complex, induced fit and

desolvation drive the formation of the final complex. Dependent on

the barrier heights of the reactions, the protein-binding process may

be controlled by diffusion (yellow line), by conformer selection (blue
line) or by induced fit (large scale conformational changes) (black
line). The forces that dominate the different steps during binding are

shown schematically below. The intensity in color is relative between

the different forces and not referring to any absolute magnitude.

Formation of unaligned encounter complexes has been suggested,

leading to a four-step binding reaction [168, 169]. Unaligned

encounter complexes are not included in the FPRM described here.

Figure modified from [69]
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were directed (non-stochastic) and were located in or at the

rim of the binding sites on each of the binding partners.

The data obtained for the interaction of the phosphocarrier

protein HPr with the N-terminal domain of enzyme I (EIN)

suggested that the encounter complex interfaces are an

order of magnitude smaller than the final binding interface

[71]. When the rate-limiting step in a binding process is the

formation of the encounter complex, the process is said to

be diffusion controlled. A diffusion-controlled binding

reaction is represented by the yellow line in Fig. 3.

The recognition complex

The second step is the formation of a recognition complex.

In this high-energy complex, the interacting molecules

have changed their structure to the most binding potent

conformation found in the structural ensemble of the free

molecules. Still only little desolvation and formation of

short-range interactions have occurred. Conformer selec-

tion must occur within the aligned encounter complex and

relies therefore on the adaptability or flexibility of the two

binding partners within this partly desolvated environment.

The blue line in Fig. 3 represents protein–ligand interac-

tions that depend on the selection of conformers as the rate-

limiting step in binding.

The final complex

In the final step, desolvation and short-range interactions

drive the structural changes of the interacting molecules to

give them their final bound conformations. This final step

resembles the induced fit. The flexibility at this point of the

reaction process must be paid for energetically, and

therefore it must be assumed that the elimination of water

needs to occur mainly in this step. For systems with large

structural changes, the transition state energy is expectedly

high, and most likely the rate-limiting step in binding. The

black line in Fig. 3 represents these reactions.

Since the FPRM essentially describes the dependence of

the reactions on the heights of the transition state barriers,

it can be used to characterize the binding process regard-

less of whether it is diffusion controlled (formation of

encounter complex), recognition controlled (conformer

selection), induced fit controlled (final adaption) or con-

trolled by a mixture of the three. MD simulations recently

performed by Okazaki and Takada elegantly illustrate the

usefulness of the FPRM. Their simulations showed a shift

in the dominating control mechanism for different kinds of

dominating forces and for different types of ligands [72].

Thus, small ligands had a preference for following the

population shifts mechanism (recognition controlled),

whereas larger ligands followed the induced fit mechanism

(induced fit controlled) [72].

Crystallography and the study of protein flexibility

Protein flexibility imposes a number of challenges to the

methods of study. Since the amplitudes and frequencies of

the processes brought about by flexible chains cover a very

broad interval, spectroscopy is and has been the method

of choice. Several reviews have been dedicated to the

descriptions of these methods as well as to their details and

limitations [32, 73–76], and these will therefore not be

dealt with here. Because X-ray crystallography does pro-

vide an important insight into flexibility from sampling of a

number of structures and because B-factors are often

referred to as flexibility reporters, we will briefly discuss

the current status relating to these interpretations.

X-ray crystallography has proven extremely powerful

with respect to the precise definition of atomic positions in

three-dimensional space. However, the prerequisite of a

crystallographic experiment is to have the molecule in the

crystalline state, and the structure that can be derived from

the diffraction pattern represents the conformer, which is

common to all asymmetric units in the crystal. Should a

loop region occupy more than one or two positions in

space, it will not be represented by electron density peaks

of sufficient magnitude for model building, nor will if be

possible to conclude whether the lack of interpretable

electron density is caused by the loop occupying several

distinct minima or if it fluctuates freely. Crystallographic

data are usually recorded at temperatures around 110 K,

and the molecules are frozen in a conformation that is not

necessarily a representative of the physiological state and

that does not represent equilibrium. Temperatures below

200 K result in a low enthalpy structure with increased

electrostatic intra- and inter-protein contacts [77].

The trajectory, velocity and frequency of the movement

will also be unresolved. Still, X-ray crystallographic stud-

ies of enzymes trapped in different intermediates have

provided valuable clues to the extent and function of

protein dynamics in numerous systems [78]. These inter-

mediates can represent steps in a catalytic cycle or a

protein with and without its interaction partner (free and

bound conformers) or simply one protein species crystal-

lized under different conditions [79, 80]. Indirect evidence

of protein flexibility has also come from the appearance of

additives (especially Xe) in otherwise solvent inaccessible

cavities in crystalline proteins [81, 82].

In the molecular model derived from crystallographic

data, each atom is described by its center position, occu-

pancy and an atomic displacement parameter, or B-factor.

The B-factor reflects the degree of isotropic smearing of

the electron density. A low B-factor means that the atom in

question occupies the same position in all the molecules in

the crystal and that the thermal vibrations are subtle. A

high B-factor can arise from several phenomena: local
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thermal vibrations (e.g., single side-chain movements),

domain movements, occupation of more than one distinct

position close in space, partial occupancy, etc. Not sur-

prisingly, however, the core atoms of a protein molecule

typically exhibit low B-factors, whereas the relative values

of surface atoms are higher, demonstrating that the B-

values contain information about local differences in

dynamics.

It is possible to detect flexible regions from the B-factor

distribution. However, the X-ray diffraction pattern arises

from the molecule in the solid state, and crystal-packing

interactions can introduce artifacts, which further compli-

cate the deconvolution of the displacement values. Recent

results show that if crystal-packing effects are taken into

account, the B-factor correlates with dynamics and flexi-

bility [83]. Furthermore, B-factors correlate to some extent

with order parameters obtained from NMR relaxation

studies and simulations [15, 84, 85].

Flexibility and function

In the remaining part of this review, we will describe a

number of protein systems where flexibility is a key player

in relation to function. We will describe both specific

systems for which a certain point can be made and groups

of proteins for which flexibility is a general trait relating to

function. Whenever possible, we will link to the FPRM.

Small amplitude motions in binding site flexibility

The first example concerns small amplitude movements and

their relation to substrate and inhibitor binding in acetyl-

choline esterase (AChE). Forty-seven different crystal

structures of Torpedo californica AChE from three different

space-groups and representing different protein–ligand

complexes were compared [86]. The analysis was focused

on the side-chain v1/v2 dihedral angles determining the

orientation of a subset of aromatic amino acid residues at or

near the substrate recognizing gorge and the active site. Two

of the side chains (F330 and W279) existed in three and six

different conformers, respectively. F330 acts as gatekeeper

or bottleneck in the tunnel that leads to the catalytic site. It

recognizes the substrate (or inhibitor) via p–p stacking or p-

cation interactions and exists in either two or three distinct

conformers depending on the ligand. Contrary to a 20-ns

MD calculation, which predicted side-chain positions in

favored regions only, some of the experimentally deter-

mined conformers occupied disfavored regions in a v1/v2

plot. The prevalence of F330 for the disfavored region

turned out to be caused by the binding of a crystallization

agent, polyethylene glycol 200 (PEG200). Hence, the side

chain adopts a conformation not encountered in the

unbound state, and thus the binding of PEG200 involves

induced fit.

The other flexible side chain (W279) constitutes part

of the substrate binding pocket and is found in six diffe-

rent conformations depending on the ligand [86]. This

remarkable adaptability reflects low amplitude flexibility

and a fast conformational sampling, and was confirmed by

MD calculations, which corresponded very well with the

experimental data [86]. Thus, MD calculations can reveal

the number and distribution of allowed side-chain confor-

mations independent of ligand interactions, even when

crystal-packing interactions are taken into account. Apart

from this being of potential interest in the field of drug

design, it demonstrates that in this case, the induced fit

model does not fully satisfy the observations. This can be

seen as an example of conformer selection in which the

interacting molecules sample several conformations within

the aligned encounter complex. For this particular protein,

the energy profile of the binding process may change

depending on the ligand of choice (jump from blue to black

reaction path, Fig. 3).

Large amplitude motions in enzyme activation

The second example demonstrates large amplitude move-

ments in enzyme activation. The streptococcal pyrogenic

exotoxin B (SpeB) is a cysteine protease that is secreted as

an inactive zymogen [87]. As with most proteases, acti-

vation involves a proteolytic digestion, which releases a

pro-domain from the active enzyme. In this particular

example, inhibition by the pro-domain is indirect as its

presence induces a conformational state of SpeB in which

two residues in the active site, a tryptophan (W214) and the

catalytic histidine (H195), adopt rotamer conformations

that render catalysis impossible [87]. What make this

system particularly spectacular are the very large amplitude

movements. Two SpeB structures have been solved: (1) the

inactive zymogen (proenzyme) with the 112 amino acid

residues long pro-domain present [87] and (2) the proteo-

lytically activated protein (253 amino acid residues) in

solution [88]. Figure 4 shows the two states of the protein.

Removal of the pro-domain induces a large intra-

molecular rearrangement. A loop (the latency loop) moves

more than 25 Å from one pole of the protein to the opposite

pole, whereby it releases certain steric constraints in the

active site. Another loop (the switch loop), which contains

the catalytic histidine, is then liberated to move away from

the substrate-binding site, and the active conformation is

attained. Interestingly, the configuration of the active site

amino acid residues in the active conformation is not

arranged in the classical papain-like cysteine protease

manner, indicating the need for further rearrangements

upon substrate binding. The latency loop and a loop
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containing an active site residue (Trp214) in a non-active

conformation are highly dynamic compared to the rest of

the molecule. Although crystallography cannot measure

time-dependent movements, the large amplitude compo-

nent of this system probably falls into the category of slow

motions. Since the active state of the enzyme is not present

in any of the structures, the primary enzyme-substrate

encounter most likely has an induced fit contribution with

large rearrangements facilitating catalysis.

Conformer selection and induced fit in antigen

recognition

The last example from crystallographic studies comes from

antibody–antigen interactions and demonstrates a con-

former selection and induced fit scenario. The IgE antibody

Spe7 raised against a 2,4-dinitrophenyl hapten exhibited

the ability to bind to several small molecule haptens as well

as to a protein ligand [79]. Some of these ligands are

similar in molecular structure to the original antigen, and

they bind in a similar fashion, representing examples of

common molecular mimicry. However, additional high-

affinity (nM–lM range) ligands with different physico-

chemical properties were also found. The structural

basis of this highly specific cross-binding property was

investigated by X-ray crystallography and binding kinetics

[79].

Several structural conformers of the Spe7 antibody were

seen in crystals grown under different conditions and with

different ligands present. Two of these, referred to as Ab1

and Ab2, are the unligated protein and differ substantially

in the third heavy chain (H3) and third light chain (L3)

loops in the antigen-binding region. In the absence of

ligands, experimental data suggested that Ab1 and Ab2

exist in equilibrium where Ab1 occupies *78% of the

population [79]. These two conformations exchange rela-

tively slowly with a half-life of *9 ms. Only Ab2 binds the

different haptens, resulting in a protein–ligand complex

with the antibody in a third conformation (Ab3); see Fig. 5

for the full mechanism. Ab1 does not bind the ligand

mainly because of a clash of aromatic groups, which hinder

isomerization in the presence of ligand. Fluorescence

kinetic data revealed a fast, an intermediary and a slow step

in the binding process. The rate of the fast step was posi-

tively correlated with ligand concentration, the second was

negatively correlated, and the slow step was independent of

ligand concentration. Thus, the fast phase is dominated by

the initial ligand binding to Ab2, the intermediate phase is

dominated by the equilibrium between free Ab1 and Ab2,

and the slow phase is dominated by the induced fit (Ab2-

ligand ? Ab3-ligand) (Fig. 5). The Ab2-ligand complex is

the [PfLf] state in the FPRM model, and in this case, the

rate-limiting step is the last one, between [Pf*Lf*] and PbLb

(Ab3-ligand). The Spe7 system provides an interesting

combination of promiscuity and high specificity at the same

time. Promiscuity by low specificity has been described for

several other systems. One example is the lipid transfer

protein that binds a broad range of hydrophobic metabolites

with low affinity and modest conformational changes

[89–91].

The binding of ligands to AChE, SpeB and Spe7

are examples of processes where the binding is limited

by the last two energy barriers in the FPRM. Indeed,

most protein–ligand binding processes can be regarded as a

combination of conformer selection and induced fit.

Fig. 4 Large amplitude movements in enzyme activation. Two

experimentally determined structures of a cysteine protease from

Streptococcus pyogenes with the long latency and short switch loops

highlighted in red. The dotted hand-drawn lines connect the backbone

where electron density did not support model building. Left the crystal

structure of the zymogen (1DKI, shown without the pro-domain for

clarity) and right the NMR solution structure of the proteolytically

activated monomer (2JTC). The latency loop moves [25 Å upon

removal of the pro-domain and the protein folds up into an activated

form

Fig. 5 Binding of ligands to the Spe7 antibody. Two conformers,

Ab1 and Ab2, are in equilibrium, and only the Ab2 conformer binds

the ligand. The complex undergoes induced fit resulting in the stable

Ab3-ligand complex. The relative rates of the individual reactions are

indicated
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Compared to conformational changes, diffusion in aqueous

solvents is intrinsically fast. Consequently, diffusion con-

trolled binding processes usually involve few structural

changes as, for instance, in the homo-dimerization of

superoxide dismutase [92]. Therefore, diffusion-controlled

binding is rare.

Intrinsic disorder and flexibility

A large part of the eukaryotic genome encodes proteins or

parts of proteins with intrinsic disorder [93–95]. Instead of

having an ordered fold, these intrinsically disordered pro-

teins (IDPs) are dynamic ensembles of inter-converting

conformers, with atom positions varying significantly over

time [96–98]. The length of the disordered regions may

range from only a few residues providing hinge functions

[99, 100] to entire proteins of considerable sizes [98, 101].

Methods to predict the existence of disorder in proteins

have been developed primarily with the scope of avoiding

these sequences in structure/function studies [102, 103]. As

the interest in the function of IDPs has increased, these

predicting tools have turned out to be very important for

the characterization of IDPs [104]. Several extensive

reviews have described the intriguing characteristics of

these proteins in great detail [97, 105, 106].

The question is whether the extreme disorder in IDPs

also gives rise to extreme flexibility. There are several data

to suggest that these proteins indeed are truly very flexible.

Firstly, already within the dynamic ensemble of the IDP a

pre-organization of local, fluctuating structures exists

[107]. These structures have been described as central for

recognition of the ligand [97, 108–110] and have been

referred to as molecular recognition features (MoRFs)

[109]. For recognition and function, these MoRFs are ini-

tially protected within a semi-condensed state of the IDP

and structural rearrangements or partial unfolding must

therefore occur prior to binding. These events are bound to

depend on flexibility. Secondly, many of the IDPs are

promiscuous with several interaction partners and fold to

defined structures upon binding [106, 111, 112]. A single

IDP may thus assume several different structures depen-

dent on the ligand [113]. This adaption must certainly

reflect an ultimate high degree of flexibility and not only

extraordinary dynamics. This has been termed flexibility-

driven poly-reactivity [97].

The diversity in bound states for one single protein with

retained high specificity for all partners has, however, the

consequence of inferring low affinity [94, 111, 114]. The

low (lM) affinity is a prerequisite for the functions of

many IDPs, which are often coupled to tightly controlled

and transient processes such as signal transduction [115],

cell-cycle regulation [107], cell-division [116] and growth

[93]. The low affinity is on the other hand also a conse-

quence of paying back a large entropy penalty going from

the highly disordered state to the more ordered bound state

[117–119]. To compensate the loss in conformational

entropy, the majority of IDPs folds upon binding and gain a

large enthalpy contribution from extended interaction

interfaces [96, 106, 120, 121]. For a few IDPs the gain in

enthalpy has also been linked to homo-dimerisation of

the IDP subsequent to target interaction [122]. Another

mechanism to lower the entropy loss is by assuming a

modestly condensed shape, which in some cases can be

obtained through dimerisation of the IDP itself [107].

Flexible linkers and termini

The presence of flexible linkers in otherwise ordered pro-

teins have direct impact on function. Typically theses

linkers are found in modular proteins such as large mem-

brane-bound receptors [123] or in soluble modular proteins

even as small as calmodulin [100, 124]. The sequences,

dynamics or flexibility of these linkers, however short they

may be, classify many of them as belonging to the IDP

regime, and they are therefore discussed in this section.

The linkers may be a short flexible hinge as in calmodulin

[100] or long and disordered as in polypyrimidine tract-

binding protein (PTB) with two RNA recognition motifs

(RRMs) [125]. The two modules of each of these systems

tumble and behave largely independently of each other, so

the systems have a high degree of dynamics where the

linkers allow for effective sampling of conformational

space. As soon as one module binds to the target, the linker

is stabilized, and the structure of the linkers adapts to

accommodate the ligand. This suggests that the flexibility

of the system may play a role also in the recognition event

[126]. Hinge regions (or flex points) such as linkers thus

impose flexibility and thereby facilitate variable orienta-

tions and increased binding diversity and may allow for

multiple binding partners. Consequently, identification of

flexible hinges is of great interest for modeling protein–

ligand interactions, and several approaches to predict hin-

ges in proteins from sequence and structure are available

[127–129].

Another interesting feature is the presence of extended,

disordered termini [130, 131]. These termini have been

assigned many different roles. One is to capture targets by

a fly-casting mechanism [132], in which a spatial search by

the dynamic and flexible terminus is suggested to increase

interaction speed that will lead to longer lifetimes of the

resulting complex. For ion channels another function of

the extended, disordered termini has been put forward.

In several studies the length of the intracellular terminus

was shown to affect the rate of channel inactivation and

the flexibility of the chain was coupled to this effect [133].
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The mechanism was suggested very early as the ball-and-

chain model [134] and shown experimentally for other

systems as well [133, 135]. Just recently, the ball-and-chain

mechanism was linked to IDPs [109].

For IDPs, flexibility results in large amplitude motions,

the frequencies of which are essentially unknown pres-

ently. The backbone of many IDPs have been shown to be

highly dynamic on the nanosecond to picosecond timescale

[107, 136], but the frequency with which the large ampli-

tude change is occurring when going from the flexible

unbound state to the ordered bound state is largely

uncharacterized. Since the lifetime of the low affinity

complexes formed by IDPs can be estimated to be in

the order of *10 s (assuming kon = 105 s-1 M-1, and

Kd = 1 lM), the frequencies may be classified to be in the

slow range.

Within the framework of the present review, it is

interesting to discuss at what point in the binding process

of IDP flexibility is most effective and productive. Given

the background of the universal binding mechanism out-

lined above [69], this suggests that the IDP initially binds

to the target protein in the disordered form, possibly

through the MoRFs [97, 109]. These MoRFs would not

necessarily be important for the function per se, but may

lead to an increased effective concentration of the IDP

close to the functional site. One example of an IDP with a

single MoRF is the suppressor of Mec 1 lethality, Sml1. It

has an a-helical MoRF that recognizes ribonucleotide

reductase 1, RNR1. When this MoRF was destabilized

by mutagenesis, lower affinity of Sml1 for RNR1 was

measured [107, 137]. Nevertheless, a small nine-residue

peptide that is not part of the MoRF, but constitutes a

sequence located C-terminal to it, was capable of fully

inhibiting RNR1 by itself [137]. This suggests that the

inhibitory function resides outside the MoRF. Thus, the

binding process of an IDP strongly depends on flexibility

both in order to present the MoRF (during encounter and

recognition) and for the protein function, i.e., inhibition as

for Sml1, to form the fully adapted complex through an

induced fit process. Thus, presentation of the MoRF from a

moderately condensed state of the IPD does involve spe-

cific flexibility or perhaps unfolding. Since flexibility at

some degree is important during all steps of a binding

process, the binding process of an IDP probably requires

larger amplitudes than globular proteins, especially in the

first stages of the binding process.

Proline cis–trans switches

Regulation of cellular processes, such as ion gating [138],

signaling [139] and ligand recognition [140], are in some

instances driven by conformational switches linked to cis–

trans isomerisation of the peptide-bond preceding proline

residues. Often these prolines are located in disordered and

loop regions [141, 142]. While the process of cis–trans

isomerisation is silent in many biochemical assays, it

is readily detected by NMR spectroscopy because of the

different chemical shifts of the two states [143].

The intrinsic low energy gap between the cis and trans

conformations of the peptide bond preceding a proline

results in a higher population of the cis conformation of

these bonds compared to non-Pro peptide bonds [143].

Recently, there has been a significant increase in the

number of reports suggesting that protein structures with

proline switches have evolved to accelerate the isomeri-

zation process. This acceleration may be catalyzed by the

binding of ligand [138] or by interactions with enzymes

catalyzing the process, the so-called peptidyl-prolyl cis–

trans isomerases (PPIases) or in combined events [142]. It

has been suggested that the actual proline to isomerize may

not be available for the enzyme until a conformational

change or a chemical modification like phosphorylation is

brought about. The latter is suggested to be the case for the

PPIase Pin1 [144]. Thus, as a result of flexibility, particular

interactions may in this way be timed [139, 144]. Uncat-

alyzed proline cis–trans isomerization (i.e., without ligand

binding or enzymatic access) occurs in the folding peptide

with rate constants in the range of 0.01–1 s-1 (half-time

100 s at 0�C) [145, 146], which may be even slower with a

half time of several minutes when it occurs in the scaffold

of a fully folded protein. In the native state of proteins,

catalyzed proline cis–trans isomeri usually occurs on the

millisecond timescale and may result in large amplitude

structural changes, which may be accelerated up to 1,000-

fold by PPIases [147, 148].

One of the most intriguing examples of the effect of cis–

trans proline isomerization is the opening and gating

mechanism of 5-hydroxytryptamine type 3 receptor (5-

HT3) [138]. When a neurotransmitter molecule is bound to

the extracellular domain, a trans to cis isomerization of a

proline distantly located within a loop linking two trans-

membrane helices (Pro8*) is suggested to occur. A set of

non-natural analogs that had different preferences for either

the cis or the trans conformation were substituted for

Pro8*. Elegantly, it was shown that opening and closing of

the gate was intimately linked to the isomerization process,

leading to a large amplitude conformational change [138].

Protein phosphorylation

The human genome codes for 20,000–25,000 proteins, but

this is far from the true diversity in the organism [149].

Proteins are modified at many different levels, such as

phosphorylations [150], lipidations [151], glycosylations

[152] as well as proteolytic maturation [153, 154] or the
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final degradation of the protein at the end of its path [155].

All these modifications are dependent on protein–protein

interactions and must rely on both the enzyme to bind

the protein target and the protein to make available the

site prone for modification or cleavage. This process is

inevitably dependent on flexibility of either interaction

partner.

Phosphorylation of proteins has often been related to

disordered regions [156] and to ordered regions in which

phosphorylation may lead to disorder [157]. Many IDPs

exert regulatory functions with phosphorylation as an

intrinsic ingredient [116, 107]. The complex between

Cdk4 and its inhibitor Sic1 was recently described by

NMR spectroscopy, and it was suggested to be the first

example of an IDP whose binding is devoid of a disorder-

to-order transition [158]. The complex was termed a truly

disordered complex [158]. Multiple phosphoepitopes on

Sic1 were shown to bind to the core Cdk4-binding site in

a dynamic equilibrium between many different bound

conformers. Other phosphorylated residues interacting

with suboptimal binding sites further stabilized binding.

Since phosphorylation of several residues is required for

binding, there is a tight regulation of activation. Appar-

ently, the complex between Sic1 and Cdk4 appears to be

less flexible although it is highly dynamic. As the com-

plex is only marginally stable (*4 kJ mol-1), it is only

transiently formed and does not result in a folded com-

plex [158]. In this system, dynamics are important for

the phosphorylation and therefore the recognition pro-

cess. In this case, flexibility required for formation of a

long-lived complex, would be an obstacle rather than an

advantage.

The effect of phosphorylation in ordered proteins may

be seen as an allosteric site regulation process, for which

the chemical modification not only changes the chemical

environment, but which also leads to conformational

switching. This suggests that single domain proteins also

contain allosteric mechanisms as shown elegantly for

NtrC [66], where phosphorylation results in conforma-

tional changes in the receiver domain. The experimental

work suggested that upon phosphorylation, the pre-

existing equilibrium was changed. In principle, the acti-

vation barrier for this equilibrium can be manipulated.

For NtrC and CheY, a certain population of the active

conformer was observed even in the absence of phos-

phorylation [67].

Discussion and conclusions

The purpose of the examples and thermodynamic platform

presented in this review is to demonstrate that in order

to appreciate and understand protein function entirely,

dynamics and flexibility must be considered as a part of a

protein structure. Flexibility as a structural aspect or an

extra structural dimension is undoubtedly encoded within

the amino acid sequence of a protein, just like secondary,

tertiary and quaternary structures are.

Detection of flexible regions, or flex sites, within a

particular structure is not an easy task. During recent

years, technical advancements—mainly within the fields of

spectroscopy and molecular dynamics—have made it

possible to monitor the dynamics and functional flexibility

of protein molecules, which in turn has precipitated an

increased focus on these studies. Flexible regions have

been deduced and characterized by NMR relaxation

experiments. However, until recently, dynamics on the

nanosecond to microsecond timescale have been inacces-

sible to experimental methods (cf. Fig. 1). This has been a

major limitation since, as outlined in the present review;

some motions correlated to functional protein flexibility lie

in that frequency regime. Recent exciting results on mea-

surements of residual dipolar couplings suggest that a

method for accessing this regime may now finally be

available [159].

From the discussions in the present paper, it is clear that

the underlying mechanisms of functional flexibility in

proteins do not differ much from the mechanisms of pro-

tein folding. Indeed, folding and binding of several IDPs

are linked processes. The distinction between flexibility

and folding is therefore not sharp. Several proteins are

linked to disease through misfolding, and this misfolding

may be a direct consequence of flexibility in their native

states. Several human diseases and in particular neurode-

generative diseases are associated with the formation of

insoluble protein inclusions—most often in the form of

protein fibrils [160]. Such conformational changes require

unfolding of globular proteins or partly folding of intrin-

sically disordered proteins [161, 162].

The flexibility-related movements within protein mole-

cules can be massive, as described for IDPs, and they can

be extremely subtle as for example by aromatic side-chain

rotation as described for AChE. Furthermore, movements

may be correlated. Thus, large amplitude flexibility may be

correlated to low frequency and small amplitude movements

as has been suggested [163]. However, much remains to

be understood about how these correlated motions are

connected and how they are triggered. Answering these

questions will be one of the primary challenges of the coming

years.

Acknowledgments We thank Signe Mathiasen for expert technical

and graphical assistance with the creation of figures. We are grateful

to Stine Falsig Pedersen, Kim Vilbour Andersen and Magnus

Kjærgaard for valuable and sound comments and critique. This is a

contribution from the SBiN-Lab and is financed in part by the Danish

Natural Research council (no. 21040604 BBK; no. 272060251 KTE).

2242 K. Teilum et al.



References

1. Dodson G, Verma CS (2006) Protein flexibility: its role in

structure and mechanism revealed by molecular simulations.

Cell Mol Life Sci 63:207–219

2. Dodson GG, Lane DP, Verma CS (2008) Molecular simulations

of protein dynamics: new windows on mechanisms in biology.

EMBO Rep 9:144–150

3. Maragakis P, Lindorff-Larsen K, Eastwood MP, Dror RO,

Klepeis JL, Arkin IT, Jensen MO, Xu H, Trbovic N, Friesner

RA, Iii AG, Shaw DE (2008) Microsecond molecular dynamics

simulation shows effect of slow loop dynamics on back-

bone amide order parameters of proteins. J Phys Chem B 112:

6155–6158

4. Linderstrøm-Lang K (1955) Deuterium exchange between

peptides and water. Chem Soc Spec Publ 2:1–20

5. Hvidt A (1955) Deuterium exchange between ribonuclease and

water. Biochim Biophys Acta 18:306–308

6. Kim KS, Fuchs JA, Woodward CK (1993) Hydrogen exchange

identifies native-state motional domains important in protein

folding. Biochemistry 32:9600–9608

7. Kim KS, Woodward C (1993) Protein internal flexibility

and global stability: effect of urea on hydrogen exchange rates

of bovine pancreatic trypsin inhibitor. Biochemistry 32:9609–

9613

8. Mayo SL, Baldwin RL (1993) Guanidinium chloride induction

of partial unfolding in amide proton exchange in RNase A.

Science 262:873–876

9. Bai Y, Milne JS, Mayne L, Englander SW (1995) Protein sta-

bility parameters measured by hydrogen exchange. Proteins

20:4–14

10. Luque I, Freire E (2000) Structural stability of binding sites:

consequences for binding affinity and allosteric effects. Proteins

S4:63–71

11. Sinha N, Nussinov R (2001) Point mutations and sequence

variability in proteins: redistributions of preexisting populations.

Proc Natl Acad Sci USA 98:3139–3144

12. Linderstrøm-Lang K (1949) Structure and enzymatic break-

down of proteins. Cold Spring Harb Symp Quant Biol 14:

117–129

13. Bothner B, Dong XF, Bibbs L, Johnson JE, Siuzdak G (1998)

Evidence of viral capsid dynamics using limited proteolysis and

mass spectrometry. J Biol Chem 273:673–676

14. Fontana A, Fassina G, Vita C, Dalzoppo D, Zamai M, Zambonin

M (1986) Correlation between sites of limited proteolysis and

segmental mobility in thermolysin. Biochemistry 25:1847–1851

15. Falconi M, Parrilli L, Battistoni A, Desideri A (2002) Flexibility

in monomeric Cu, Zn superoxide dismutase detected by limited

proteolysis and molecular dynamics simulation. Proteins

47:513–520

16. Jomain JB, Tallet E, Broutin I, Hoos S, van Agthoven J, Ducruis

A, Kelly PA, Kragelund BB, England P, Goffin V (2007)

Structural and thermodynamic bases for the design of pure

prolactin receptor antagonists: X-ray structure of Del1-9-

G129R-hPRL. J Biol Chem 282:33118–33131

17. Schoichet BK, Baase WA, Kuroki R, Matthews BW (1995) A

relationship between protein stability and protein function. Proc

Natl Acad Sci USA 92:452–456

18. Gilli P, Ferretti V, Gilli G, Borea PA (1994) Enthalpy–entropy

compensation in drug-receptor binding. J Phys Chem 98:

1515–1518

19. Myszka DG, Sweet RW, Hensley P, Brigham-Burke M, Kwong

PD, Hendrickson WA, Wyatt R, Sodroski J, Doyle ML (2000)

Energetics of the HIV gp120-CD4 binding reaction. Proc Natl

Acad Sci USA 97:9026–9031

20. Moose RE, Clemente JC, Jackson LR, Ngo M, Wooten K,

Chang R, Bennett A, Chakraborty S, Yowell CA, Dame JB,

Agbandje-McKenna M, Dunn BM (2007) Analysis of binding

interactions of pepsin inhibitor-3 to mammalian and malarial

aspartic proteases. Biochemistry 46:14198–14205

21. Stites WE (1997) Protein–protein interactions: interface struc-

ture, binding thermodynamics, and mutational analysis. Chem

Rev 97:1233–1250

22. Brady GP, Sharp KA (1997) Entropy in protein folding and in

protein–protein interactions. Curr Opin Struct Biol 7:215–221

23. Lu B, Wong CF (2005) Direct estimation of entropy loss due to

reduced translational and rotational motions upon molecular

binding. Biopolymers 79:277–285

24. Yu YB, Privalov PL, Hodges RS (2001) Contribution of trans-

lational and rotational motions to molecular association in

aqueous solution. Biophys J 81:1632–1642

25. Tamura A, Privalov PL (1997) The entropy cost of protein

association. J Mol Biol 273:1048–1060

26. D’Aquino JA, Gomez J, Hilser VJ, Lee KH, Amzel LM, Freire

E (1996) The magnitude of the backbone conformational

entropy change in protein folding. Proteins 25:143–156

27. Lee KH, Xie D, Freire E, Amzel LM (1994) Estimation of

changes in side chain configurational entropy in binding and

folding: general methods and application to helix formation.

Proteins 20:68–84

28. Conte LL, Chothia C, Janin J (1999) The atomic structure of

protein–protein recognition sites. J Mol Biol 285:2177–2198

29. Baldwin RL (2007) Energetics of protein folding. J Mol Biol

371:283–301

30. Spolar RS, Record MT Jr (1994) Coupling of local folding to

site-specific binding of proteins to DNA. Science 263:777–784

31. Palmer AGIII (2004) NMR characterization of the dynamics of

biomacromolecules. Chem Rev 104:3623–3640

32. Jarymowycz VA, Stone MJ (2006) Fast time scale dynamics of

protein backbones: NMR relaxation methods, applications, and

functional consequences. Chem Rev 106:1624–1671

33. Akke M, Bruschweiler R, Palmer AG (1993) NMR order

parameters and free-energy-an analytical approach and its

application to cooperative Ca2? binding by calbindin-D(9k).

J Am Chem Soc 115:9832–9833

34. Yang DW, Kay LE (1996) Contributions to conformational

entropy arising from bond vector fluctuations measured from

NMR-derived order parameters: application to protein folding.

J Mol Biol 263:369–382

35. Goh C-S, Milburn D, Gerstein M (2004) Conformational

changes associated with protein–protein interactions. Curr Opin

Struct Biol 14:104–109

36. Homans SW (2007) Water, water everywhere—except where it

matters? Drug DiscovToday 12:534–539

37. Frederick KK, Kranz JK, Wand AJ (2006) Characterization of

the backbone and side chain dynamics of the CaM-CaMKIp

complex reveals microscopic contributions to protein confor-

mational entropy. Biochemistry 45:9841–9848

38. Bingham RJ, Findlay JBC, Hsieh SY, Kalverda AP, Kjeliberg A,

Perazzolo C, Phillips SEV, Seshadri K, Trinh CH, Turnbull WB,

Bodenhausen G, Homans SW (2004) Thermodynamics of

binding of 2-methoxy-3-isopropylpyrazine and 2-methoxy-3-

isobutylpyrazine to the major urinary protein. J Am Chem Soc

126:1675–1681

39. Zidek L, Novotny MV, Stone MJ (1999) Increased protein

backbone conformational entropy upon hydrophobic ligand

binding. Nat Struct Biol 6:1118–1121

40. Frederick KK, Marlow MS, Valentine KG, Wand AJ (2007)

Conformational entropy in molecular recognition by proteins.

Nature 448:325–329

Functional aspects of protein flexibility 2243



41. Loh AP, Pawley N, Nicholson LK, Oswald RE (2001) An

increase in side chain entropy facilitates effector binding: NMR

characterization of the side chain methyl group dynamics is

Cdc42Hs. Biochemistry 40:4590–4600

42. Grünberg R, Nilges M, Leckner J (2006) Flexibility and con-

formational entropy in protein–protein binding. Structure 14:

683–693

43. MacRaild CA, Daranas AH, Bronowska A, Homans SW (2007)

Global changes in local protein dynamics reduce the entropic

cost of carbohydrate binding in the arabinose-binding protein.

J Mol Biol 368:822–832

44. Park S, Saven JG (2005) Statistical and molecular dynamics

studies of buried waters in globular proteins. Proteins 60:

450–463

45. Sonavane S, Chakrabarti P (2008) Cavities and atomic packing

in protein structures and interfaces. PLoS Comp Biol

4:e1000188

46. Reichmann D, Phillip Y, Carmi A, Schreiber G (2008) On the

contribution of water-mediated interactions to protein-complex

stability. Biochemistry 47:1051–1060

47. Li Z, Lazaridis T (2003) Thermodynamic contributions of the

ordered water molecule in HIV-1 protease. J Am Chem Soc

125:6636–6637

48. Li Z, Lazaridis T (2005) The effect of water displacement on

binding thermodynamics: concanavalin A. J Phys Chem B

109:662–670

49. Bahadur RP, Zacharias M (2008) The interface of protein–

protein complexes: analysis of contacts and prediction of inter-

actions. Cell Mol Life Sci 65:1059–1072

50. Janin J, Rodier F, Chakrabarti P, Bahadur RP (2007) Macro-

molecular recognition in the Protein Data Bank. Acta

Crystallogr D Biol Crystallogr 63:1–8

51. Ponstingl H, Henrick K, Thornton JM (2000) Discriminating

between homodimeric and monomeric proteins in the crystalline

state. Proteins 41:47–57

52. Fischer E (1894) Einfluss der configuration auf die wirkung der

enzyme. Ber Dtsch Chem Ges 27:2985–2993

53. Koshland DE (1958) Application of a theory of enzyme speci-

ficity to protein synthesis. Proc Natl Acad Sci USA 44:98–104

54. Monod J, Wyman J, Changeux J (1965) On the allosteric tran-

sitions: a plausible model. J Mol Biol 12:88–118

55. Koshland DEJ, Nemethy G, Filmer D (1966) Comparison of

experimental binding data and theoretical model in proteins

containing subunits. Biochemistry 5:365–385

56. Bosshard HR (2001) Molecular recognition by induced fit: how

fit is the concept? News Physiol Sci 16:171–173

57. Baldwin RL (1995) The nature of protein folding pathways: the

classical versus the new view. J Biomol NMR 5:103–109

58. Dill KA, Chan HS (1997) From Levinthal to pathways to fun-

nels. Nat Struct Biol 4:10–19

59. Lazaridis T, Karplus M (1997) ‘‘New view’’ of protein folding

reconciled with the old through multiple unfolding simulations.

Science 278:1928–1931

60. Leopold PE, Montal M, Onuchic JN (1992) Protein folding

funnels: a kinetic approach to the sequence-structure relation-

ship. Proc Natl Acad Sci USA 89:8721–8725

61. Bryngelson JD, Onuchic JN, Socci ND, Wolynes PG (1995)

Funnels, pathways, and the energy landscape of protein folding:

a synthesis. Proteins 21:167–195

62. Kumar S, Ma B, Tsai CJ, Sinha N, Nussinov R (2000) Folding

and binding cascades: dynamic landscapes and population shifts.

Protein Sci 9:10–19

63. Rejto PA, Verkhovker GM (1996) Unraveling principles of lead

discovery: from unfrustrated energy landscapes to novel

molecular anchors. Proc Natl Acad Sci USA 93:8945–8950

64. Tsai CJ, Kumar S, Ma B, Nussinov R (1999) Folding funnels,

binding funnels, and protein function. Protein Sci 8:1181–1190

65. Freire E (1999) The propagation of binding interactions to

remote sites in proteins: analysis of the binding of the mono-

clonal antibody D1.3 to lysozyme. Proc Natl Acad Sci USA

98:10118–10122

66. Volkman BF, Lipson D, Wemmer DE, Kern D (2001) Two-state

allosteric behavior in a single-domain signaling protein. Science

291:2429–2433

67. Barak R, Eisenbach M (1992) Correlation between phosphory-

lation of the chemotaxis protein CheY and its activity at the

flagellar motor. Biochemistry 31:1821–1826

68. Springael JY, de Poorter C, Deupi X, Van Durme J, Pardo L,

Parmentier M (2007) The activation mechanism of chemokine

receptor CCR5 involves common structural changes but a dif-

ferent network of interhelical interactions relative to rhodopsin.

Cell Signal 19:1446–1456

69. Grünberg R, Leckner J, Nilges M (2004) Complementarity of

structure ensembles in protein–protein binding. Structure 12:

2125–2136

70. Northrup SH, Erikson HP (1992) Kinetics of protein-protein

association explained by Brownian dynamics computer simu-

lation. Proc Natl Acad Sci USA 89:3338–3342

71. Tang C, Iwahara J, Clore GM (2006) Visualization of transient

encounter complexes in protein–protein association. Nature

444:383–386

72. Okazaki K, Takada S (2008) Dynamic energy landscape view of

coupled binding and protein conformational change: induced-fit

versus population-shift mechanisms. Proc Natl Acad Sci USA

105:11182–11187

73. Kern D, Eisenmesser EZ, Wolf-Watz M (2005) Enzyme

dynamics during catalysis measured by NMR spectroscopy.

Methods Enzymol 394:507–524

74. Ishima R, Torchia DA (2000) Protein dynamics from NMR. Nat

Struct Biol 7:740–743

75. Henzler-Wildman KA, Kern D (2007) Dynamic personalities of

proteins. Nature 450:964–972

76. Mittag T, Forman-Kay JD (2007) Atomic-level characterization

of disordered protein ensembles. Curr Opin Struct Biol 17:3–14

77. Halle B (2004) Biomolecular cryocrystallography: structural

changes during flash-cooling. Proc Natl Acad Sci USA

101:4793–4798

78. Carlsson GH, Nicholls P, Svistunenko D, Berglund GI, Hajdu J

(2005) Complexes of horseradish peroxidase with formate,

acetate, and carbon monoxide. Biochemistry 44:635–642

79. James LC, Roversi P, Tawfik DS (2003) Antibody multispeci-

ficity mediated by conformational diversity. Science 299:1362–

1367

80. James LC, Tawfik DS (2003) Conformational diversity and

protein evolution—a 60-year-old hypothesis revisited. Trends

Biochem Sci 28:361–368

81. Hayakawa N, Kasahara T, Hasegawa D, Yoshimura K, Mura-

kami M, Kouyama T (2008) Effect of xenon binding to a

hydrophobic cavity on the proton pumping cycle in bacterio-

rhodopsin. J Mol Biol 384:812–823

82. de Sanctis D, Dewilde S, Pesce A, Moens L, Ascenzi P, Hankeln

T, Burmester T, Bolognesi M (2004) Mapping protein matrix

cavities in human cytoglobin through Xe atom binding. Bio-

chem Biophys Res Commun 316:1217–1221

83. Song G, Jernigan RL (2007) vGNM: a better model for under-

standing the dynamics of proteins in crystals. J Mol Biol

369:880–893

84. Nodet G, Abergel D (2007) An overview of recent develop-

ments in the interpretation and prediction of fast internal protein

dynamics. Eur Biophys J 36:985–993

2244 K. Teilum et al.



85. Mueller GA, Pari K, DeRose EF, Kirby TW, London RE (2004)

Backbone dynamics of the RNase H domain of HIV-1 reverse

transcriptase. Biochemistry 43:9332–9342

86. Xu Y, Colletier JP, Weik M, Jiang H, Moult J, Silman I,

Sussman JL (2008) Flexibility of aromatic residues in the active-

site gorge of acetylcholinesterase: X-ray versus molecular

dynamics. Biophys J 95:2500–2511

87. Kagawa TF, Cooney JC, Baker HM, McSweeney S, Liu M,

Gubba S, Musser JM, Baker EN (2000) Crystal structure of the

zymogen form of the group A Streptococcus virulence factor

SpeB: an integrin-binding cysteine protease. Proc Natl Acad Sci

USA 97:2235–2240

88. Wang C-C, Houng H-C, Chen C-L, Wang P-J, Kuo C-F, Lin Y-S,

Wu J-J, Lin MT, Liu C-C, Huang W, Chuang W-J (2009)

Solution structure and backbone dynamics of streptopain:

insight into diverse substrate specificity. J Biol Chem. doi:

10.1074/jbc.M807624200

89. Han GW, Lee JY, Song HK, Chang C, Min K, Moon J, Shin DH,

Kopka ML, Sawaya MR, Yuan HS, Kim TD, Choe J, Lim D,

Moon HJ, Suh SW (2001) Structural basis of non-specific

lipid binding in maize lipid-transfer protein complexes revealed

by high-resolution X-ray crystallography. J Mol Biol 308:

263–278

90. Lerche MH, Kragelund BB, Bech LM, Poulsen FM (1997)

Barley lipid-transfer protein complexed with palmitoyl CoA: the

structure reveals a hydrophobic binding site that can expand to

fit both large and small lipid-like ligands. Structure 15:291–306

91. Lerche MH, Poulsen FM (1998) Solution structure of barley

lipid transfer protein complexed with palmitate. Two different

binding modes of palmitate in the homologous maize and barley

nonspecific lipid transfer proteins. Protein Sci 7:2490–2498

92. Lindberg MJ, Bystrom R, Boknas N, Andersen PM, Oliveberg

M (2005) Systematically perturbed folding patterns of amyo-

trophic lateral sclerosis (ALS)-associated SOD1 mutants. Proc

Natl Acad Sci USA 102:9754–9759

93. Wright PE, Dyson HJ (1999) Intrinsically unstructured proteins:

re-assessing the protein structure-function paradigm. J Mol Biol

293:321–331

94. Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P,

Oh JS, Oldfield CJ, Campen AM, Ratliff CM, Hipps KW, Ausio

J, Nissen MS, Reeves R, Kang C, Kissinger CR, Bailey RW,

Griswold MD, Chiu W, Garner EC, Obradovic Z (2001)

Intrinsically disordered protein. J Mol Graphics Model 19:26–59

95. Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT (2004)

Prediction and functional analysis of native disorder in proteins

from the three kingdoms of life. J Mol Biol 337:635–645

96. Dyson HJ, Wright PE (2005) Intrinsically unstructured proteins

and their functions. Nat Rev Mol Cell Biol 6:197–208

97. Uversky VN, Oldfield CJ, Dunker AK (2005) Showing your ID:

intrinsic disorder as an ID for recognition, regulation and cell

signaling. J Mol Recognit 18:343–384

98. Uversky VN, Gillespie JR, Fink AL (2000) Why are natively

unfolded proteins unstructured under physiologic conditions?

Proteins 41:415–427

99. Babu YS, Bugg CE, Cook WJ (1988) Structure of calmodulin
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